Recent intensive studies of the model plant Arabidopsis thaliana have revealed the molecular mechanisms underlying circadian rhythms in detail. Results of phylogenetic analyses indicated that some of core clock genes are widely conserved throughout the plant kingdom. For another model plant the legume Lotus japonicus, we have reported that it has a set of putative clock genes highly homologous to A. thaliana. Taking advantage of the L. japonicus hairy root transformation system, in this study we characterized the promoter activity of A. thaliana core clock genes CCA1 and PRR5 in heterologous L. japonicus cells and found that the molecular mechanism of circadian rhythm in L. japonicus is compatible with that of A. thaliana.
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Key words: circadian rhythm; hairy root transformation; legume; plant clock genes Circadian clocks generate biological rhythms of approximately 24 h period, 1, 2) providing the organisms with an adaptive advantage to anticipate daily changes in light and dark. 3) Recent intensive studies on the model plant A. thaliana have clarified the molecular mechanisms underlying circadian rhythms in plants. 4) Many core clock genes have been identified, including CCA1, LHY, PRR9, PRR7, PRR5, and TOC1 (also known as PRR1).
5) The results of phylogenetic analyses indicate that these clock genes are widely conserved throughout the plant kingdom, including primitive mosses and even unicellular algae. 6, 7) Recently we analyzed the clockrelated functions of PRR homologs in Physcomitrella patens, a moss. 8) We also found that the model legume L. japonicus has a set of clock genes homologous to A. thaliana. 9, 10) It is important to understand the clock function of legume species, because some of them are of agronomic importance and the circadian clock regulates flowering time in response to seasonal changes in photoperiods that critically affect the yieldings of crops. For most of the model legumes, however, both forward and reverse genetic analyses are rather difficult as compared with A. thaliana. Thus, although L. japonicus has the same set of putative clock genes as A. thaliana, it is not known whether the molecular mechanisms underlying circadian rhythms are conserved between them in detail. To shed some light on this problem, we designed a genetic approach by using hairy root transformation. 11) We found evidence that L. japonicus cells regulate heterologous A. thaliana clock genes properly.
We focused on A. thaliana core clock genes CCA1 and PRR5 (AtCCA1 and AtPRR5) in this study. The former is a morning clock gene, whereas the latter is a clock gene expressed in the afternoon. 4, 5) To demonstrate their circadian rhythms in A. thaliana plants, several transgenic plants were employed. 12) One carries a AtCCA1 pro ::LUC fusion gene, and the other a AtPRR5 pro ::LUC fusion gene. Transgenic plants were grown on gellan gum plates containing MS salts, 1% sucrose and 5 mM luciferin under a 12 h light/12 h dark (LD) cycle. Then they were released into continuous light (LL) conditions to monitor free-running circadian rhythms, and bioluminescence was measured (Fig. 1) . 12, 13) Both reporter genes showed robust free-running rhythms with distinct peak-positions: AtCCA1 pro ::LUC showed peaks at subjective morning, An A. thaliana transgenic line carrying the AtCCA1 pro ::LUC gene was constructed previously, 12) and that carrying the AtPRR5 pro ::LUC gene will be described elsewhere (Kamioka et al. unpublished). Their expression profiles were monitored by measuring the intensities of bioluminescence under LL conditions, as described previously. 12, 13) Relative expression levels, for which the maximum value was taken to be 1.0, are shown. Subjective days and nights are denoted by white rectangles and shadows respectively. Note whereas AtPRR5 pro ::LUC showed peaks at subjective evening.
To determine whether the molecular mechanisms of circadian clocks are compatible between A. thaliana and L. japonicus, we took advantage of the transformation system with induced hairy roots, which were generated from L. japonicus (accession Miyakojima MG-20) explants by infecting Agrobacterium rhizogenes.
14) A typical example of such induced hairy roots is shown in Fig. 2A , left panel. In this case, a cut end of L. japonicus hypocotyls was infected with the bacterium harboring an appropriated binary vector carrying the GFP gene. Expression of GFP was observed in several number of the hairy roots induced, indicating that one can transform L. japonicus hairy roots with any transgene ( Fig. 2A, right panel) . 15 ) By this technique, AtCCA1 pro ::LUC or AtPRR5 pro ::LUC were introduced into L. japonicus cells to examine their heterologous expression.
First, it was necessary to characterize the expression profiles of the endogenous L. japonicus CCA1 and PRR5 (LjCCA1 and LjPRR5) themselves in hairy roots to make sure that the intrinsic circadian clock was intact in hairy roots. For this purpose, RNA samples were prepared from the hairy roots entrained under LD cycles and released into LL conditions (Fig. 2B) . Expression profiles were examined with qRT-PCR quantification for the intrinsic clock genes, LjCCA1 (previously designated LjLHY) and LjPRR5, as described previously.
9) The expression of these clock genes showed robust circadian rhythms and the profiles of the hairy roots were same as those of intact plants, 9) confirming that the endogenous clock system was indeed operating properly even in hairy roots.
Finally, the AtCCA1 pro ::LUC and AtPRR5 pro ::LUC reporter genes were introduced into hairy roots by A. rhizogenes-mediated transformation with the previously constructed binary vectors. 12) Both fusion genes contain the functional promoter region, followed by small portions of coding sequences of AtCCA1 and AtPRR5 respectively. After we generated transgenic hairy roots carrying the AtCCA1 pro ::LUC or AtPRR5 pro ::LUC genes, their expression profiles were monitored under LD cycles followed by LL or continuous dark conditions (Fig. 3A and B) . Under both conditions, the A. thaliana clock genes were rhythmically and robustly regulated in the L. japonicus hairy roots. Furthermore, AtCCA1 pro ::LUC had peaks in the morning, whereas AtPRR5 pro ::LUC had peaks in the evening, as expected (compare Fig. 1 with Fig. 3) . Expression profiles obtained from many independent samples of hairy roots (n ¼ 8 for AtCCA1
pro ::LUC, and n ¼ 12 for AtPRR5 pro ::LUC) were analyzed by Fast Fourier Transform-Nonlinear Least Squares (FFT-NNLS) algorithms with the Biological Rhythms Analysis Software System (BRASS) software (http://www. amillar.org) to evaluate relative amplitude errors and periods ( Fig. 3A and B, insets) . The analysis made it possible to conclude that both the AtCCA1 pro ::LUC and the AtPRR5 pro ::LUC gene exhibit robust circadian rhythms in the heterologous species L. japonicus. These results strongly support the view that the molecular mechanism of the circadian clock in L. japonicus is compatible with that of A. thaliana.
In the previous study, a comparative genomic approach revealed that a set of clock-associated genes was highly conserved between A. thaliana and L. japonicus. 10) In this study, it was further shown that the regulatory promoter region of AtCCA1 (or AtPRR5) is functionary equivalent to that of LjCCA1 (or LjPRR5), and that the molecular mechanism of the circadian clock is highly conserved in detail between A. thaliana and L. japonicus. It is generally admitted that a set of cisregulatory elements is necessary for a given clock gene to be regulated rhythmically at precise timing. The results of this study suggest that a set of clock-associated trans-acting factors of L. japonicus is recognizes clockassociated cis-regulatory elements within the heterologous AtCCA1 and AtPRR5 promoters so that L. japonicus cells can regulate these heterologous clock genes robustly. For A. thaliana, three major classes of clockassociated cis-regulatory elements have been proposed, morning (ME and GBOX), evening (EE, CBP, and GATA), and midnight (PBX/TBX/SBX) elements. 16) Based on these short consensus sequences, we compared the nucleotide sequences of the AtCCA1 and AtPRR5 promoters with those of the LjCCA1 and LjPRR5 promoters respectively, both of which show no extensive homology at a glance. It was difficult to assign common cis-regulatory regions between AtCCA1 and LjCCA1 (or AtPRR5 and LjPRR5) confidently. Solution of this problem must await more detailed analyses based on bioinformatics, which should provide new insight into the common clock-associated cis-regulatory elements in plants. We conclude that the clock mechanism of L. japonicus is compatible with that of A. thaliana to regulate the AtCCA1 and AtPRR5 core clock genes robustly in L. japonicus cells, confirming that the plant clock system is well conserved during evolution.
